Abstract-A sensitive differential charge measurement technique was used to measure the conduction current from a sharp needle in a needle plane geometry in n-pentane. The current was measured at voltages up to the threshold for streamer inception in n-pentane with a positive needle polarity. The measured current was compared to finite element models to link the recorded charge with conductivity models for the liquid. A good fit was obtained using the classical Poole-Frenkel conductivity model.
I. INTRODUCTION
The streamer phenomenon in dielectric liquids is the precursor for dielectric breakdown in liquid filled high voltage apparatuses due to high overvoltage [1] . Determining the factors responsible for inception and propagation of this phenomenon is therefore important.
Experimental investigations of the phenomenon show that it consists of a low-density region propagating in the the liquid from a high field region [1] , [2] . The low-density region must be at least partly conductive to move the potential from the high field region where the streamer is incepted (i.e. needle electrode or protrusion/contaminant in the insulation material). Both inception and propagation thus require a phase transition from the liquid phase to a conducting phase (plasma), as well as charge buildup at the tip of the streamer of sufficient magnitude to move the electric field into the liquid and facilitate further charge generation in front of the streamer [1] , [3] , [4] .
The electric field distribution in the liquid is clearly important. Estimating the field distribution is typically done by using analytical approximations based on prolate spheroidal or other coordinate systems, or numerical approximations using finite element solvers [5] - [8] . In either case, the approximation is typically based on solving the Laplace equation, without considering charge redistribution caused by nonlinear conduction of the liquid. For most dielectrics the conductivity increases exponentially with the field [9] which can be approximated by
where 0 is in [S/m], and k and n are constants. Note that this equation is greatly simplified, as in reality the conductivity will be highly temperature dependent. The majority of field dependent conductivity models can be well fitted to a simplified formula like (1), among these are hopping conduction (n=1), Pole-Frenkel and 1D-Onsager (n=2). n=3 is included because it provides the best fit to some polymers, and n-tridecane. The effect of field dependence on the excitation energy and the ionization potential on conductivity is a possible explanation for such field dependence [10] . Field dependent conductivity reduces the time constant of the dielectric, causing charge redistribution in the liquid on much shorter timescales. Thus for most dielectrics, field-dependent conductivity of the liquid must be included when calculating the field distribution in the dielectric even for very fast transients [9] .
II. MATERIALS AND METHODS

A. N-pentane
Experiments were performed in spectroscopic grade npentane. N-pentane was selected based on the large number of streamer experiments performed in this liquid [11] , [12] . No preconditioning of the liquid was performed. Prior to the experiments, the low-field conductivity and permittivity of the n-pentane was measured using an IRLab measurement cell. The relative permittivity was 1.82, while the low field conductivity at room temperature was ~13 pS/m.
B. Experimental setup
A detailed description of the experimental setup can be found in [13] . A sketch of the setup is shown in Fig, 1 .
The experimental setup consisted of a test cell with a sharp (~2 μm radius) and a blunt (~1 mm radius) needle over a plane electrode with a needle-plane gap of 5 mm. The sharp needle electrode was made by electrochemical etching of a 100 μm diameter tungsten wire. Both the needle and probe electrode were examined under a SEM microscope before and after the experiments.
A high voltage pulse was applied to the plane electrode. Capacitors were used to integrate the current from the needle and the probe, as described in [13] , [14] . A differential amplifier subtracted the signal from the probe to remove the displacement current, which is typically several orders of magnitude larger than the conduction current. The setup was 978-1-5090-4877-9/17/$31.00 ©2017 IEEE calibrated at low voltages. The sensitivity of the charge measurement using this setup is better than 0.2 pC.
C. Finite Element Analysis
Finite element analysis (FEA) were performed using COMSOL Multiphysics with the AC/DC module (electrical currents interface). A 2D axial-symmetrical model based on the geometry of the test-cell was made. The charge buildup on the needle during and after the voltage rise was found by integrating the displacement field over the surface of the needle. This was performed with a constant conductivity (1e-12 S/m) and with a field dependent conductivity. The results obtained with a constant conductivity was then subtracted from the results obtained with a field dependent conductivity, at the same applied voltage, in order to subtract the displacement current. This is the same principle as performed experimentally where the displacement current is subtracted by using a blunt probe (low field) and a differential amplifier, and the resulting charge versus time obtained by FEA can thus be compared with the experimental results. The model only include charge transport through the field dependent conductivity of the liquid, electrohydrodynamic (EHD) motion is not included in this model.
A parametric sweep where the tree parameters in (1) was varied was run to form a basis for comparison between the measured current and the calculated current for three conductivity models (n=1, n=2 and n=3). All post processing was performed in Matlab where unconstrained nonlinear optimization method was used to fit the three conductivity models to the experimental results.
III. RESULTS AND DISCUSSION
A. Polymeric growth on needle electrode
SEM images of the needle and the probe before experiments, and the needle after a series had been performed, are shown in Fig. 2 . Note the growth of a polymeric substance on the needle over time. This is in line with what has been observed previously in n-Tridecane [15] . As a clear image of the substance growing on the needle was obtained using SEM, the substance must be at least partly conducting. The effect of the polymeric layer is evident in Fig. 3 , where three measurement series using the same needle are shown. At a given voltage, the recorded current is higher for the first series than the later series. A small shift towards lower currents is also seen in going from the 2 nd to the 3 rd series. Previous measurements in n-tridecane indicate that the growth of a polymeric substance on the needles is linked with inception of streamers, no such layer has been observed prior to inception of streamers. The polymerization is thus probably due to formation of radical species during the inception and growth of streamers. The first streamers occured at 9 kV (20 % probability) for the first series (Fig. 4) . Thus as the voltage was increased in steps for each series the first results up to 9 kV in series one should not be influenced by the polymeric layer.
In the following, the results obtained in the first series have been used, as this series has the least amount of polymer on the needle electrode.
B. Measured conduction currents
The average measured current over the first 50 μs after the end of the rise of the pulse has been plotted in Fig. 5 . These average currents were used for the initial fitting of the results to conductivity formulas. The resulting currents based on FEA using the following formulas for the field dependent conductivity are shown in the figure:
After minimizing the error the resulting charge on the needle in the simulation and from the experiments were compared, 
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the results are shown in Fig. 6 . Clearly, it is difficult based on these measurements to distinguish between the two formulas given above. Both provide reasonably good fits to the average current as well as the overall shape of the charge vs. time. Note that prefactor in the exponential in eq. (3) can be calculated directly from classical Poole-Frenkel conductivity, which provides a theoretical foundation for the measured current [16] .
C. Space charge limited fields in n-pentane
Based on the field dependent conductivity of n-pentane, the space charge limited field (SCLF) as a function of frequency of the applied voltage can be calculated using [9] :
where Elim is the SCLF, is the angular frequency of the applied field (approximately given by the inverse of the rise time for a step voltage), and the rest are constants from (1). The SCLF can also be found graphically by comparing the time constants for the dielectric with the frequency of the applied voltage, 1/ = ( r 0)/ (Elim) (Elim)= r 0 . The result for three dielectric liquids, for which the field-dependent conductivity has been calculated based on the experimental and computational procedure presented in this paper, is shown in Fig. 7 . Of the three liquids, n-pentane has the lowest SCLF of approximately 120 MV/m and 170 MV/m for (3) and (2) respectively. Note that for n-pentane, the time constant based on the low field conductivity (13 pS/m) is ~1.3 s, while taking the field dependent conductivity into account the conductivity may reach 10 -4 S/m or higher at fields above 100 MV/m giving a dielectric time constants of ~160 ns or less.
Fitting the average current (Fig. 5 ) and the shape of the charge recordings (Fig. 6) provides a basis to determine the formula for field-dependent conductivity. Measurements on ntridecane indicate that for this liquid a conductivity formula similar to (2) gives the best fit. An argument for this based on the field dependence of the 1 st excitation energy and the ionization potential was given in [17] . The similarity between the two molecules (n-pentane and n-tridecane) suggests that a similar conduction mechanism may be relevant for n-pentane. Still the experimental results for n-pentane and n-tridecane differ somewhat. While n-tridecane gave a reasonable fit to an equation similar to (3), the prefactor in the exponential (k) could not be related to the standard Poole-Frenkel conductivity model [15] . However, for n-pentane, the calculated prefactor based on the permittivity of n-pentane is is a near-perfect match to that obtained through fitting the measured currents with the the numerical model. Based on this, we believe (3) to be the best model for the high field conductivity of n-pentane. The reasonable fit to two differing conductivity models, does, however highlight the uncertainty in these measurements. As the SCLF is frequency dependent one possible way to distinguish between conductivity models would be to change the rise times of the applied voltages. This frequency dependence of the field distribution is also likely to be cause of the rise time dependence of the inception probability in n-pentane (and other dielectric liquids). The experiments performed under positive polarity should be repeated with negative polarity in n-pentane, to check if (2) and (3) still holds. If the current is caused by high-field conductivity in the bulk this should be the case. For ntridecane similar current magnitude were measured under positive and negative polarity [15] . For cyclohexane, larger currents were measured for positive than for negative polarity above a threshold voltage, but similar magnitude were measured below this threshold regardless of polarity [15] . 978-1-5090-4877-9/17/$31.00 ©2017 IEEE As stated above, the SCLF is important to estimate the field distribution in the dielectric before and during propagation of a streamer. The combination of a high electric field and high conductivity results in a region of high power dissipation near the point electrode, which causes a rapid increase in the temperature in the liquid and may be the reason for inception of slow streamers. The temperature increase in npentane with a voltage rise time of 40 ns and amplitude of 9 kV is shown in Fig 8. Note that the calculation did not take any convection in the liquid into account, and the maximum value may thus be somewhat high. The effect of convection on the ns scale should, however, be limited. The temperature increase near the point electrode may be responsible for bubble formation, in which subsequent discharges occur, leading to a 1 st mode streamers. 
IV. CONCLUSION
Pre-inception currents in n-pentane were studied using a sensitive differential charge measurement technique. When comparing the measured currents with those computed using Finite Element simulations based on established models for field dependent conductivities, the measured currents fit well to standard Poole-Frenkel conduction. Based on the high field conductivity formula (3), a SCLF of 120-170 kV/mm for npentane can be deduced for fast rise times. This indicates that the streamer inception fields reported in literature in liquids never occur due to the formation of a SCLF in the high field region. The energy dissipation in the high field region, given such a field dependent conductivity, is sufficient to explain bubble formation in n-pentane.
